To assess the risk of hearing loss among workers using earphones as communication devices at noisy worksites, we compared temporary threshold shifts (TTS) between ears on which workers wore earphones and ears on which no earphones were worn. We measured ambient noise and personal noise exposure as well as noise generated by and passed through earphones by applying frequency analysis at three pinball facilities during their hours of actual operation. We assessed hearing levels before and after a work shift (prework and postwork) of 54 workers by pure tone audiometry at six frequencies. The time-weighted averages for ambient noise and personal noise exposure exceeded 85 dB(A) and 90 dB(A), respectively. Overall sound pressure levels generated by and passing through earphones reached 109 dB(A). The one-third octave band spectrum of the earphone noise during the shift exceeded 90 dB(SPL) in the range of 315-2000 Hz. The number of ears demonstrating a TTS, defined as a shift of 10 dB or more in postwork over prework hearing thresholds, was significantly greater at 1500 and 2000 Hz among ears with earphones (P < 0.05 and P < 0.01, respectively) compared to those without. The reverse was observed at 4000 Hz for ears without earphones (P < 0.01). Workers wearing earphones or headsets as communication devices in noisy environments are exposed to high risk of hearing loss, particularly at the frequencies of 1500 and 2000 Hz. Ideally, hearing conservation programs for such workers should account for potential hearing losses at frequencies of 2000 Hz or lower frequencies induced by amplified voice signals.
INTRODUCTION
Hearing conservation efforts seeking to prevent or minimize noise-induced hearing loss in workers have focused on noises to which personnel are directly exposed within the working environment. But we should consider noises (including loud voice signals or mechanical tones) transmitted through communication devices worn for extended periods under this heading as well. With the exception of reports on hearing loss induced by listening to loud music through headsets (Mostafapour et al., 1998) and on hearing aids for children (Macrae, 1995a) , few studies have evaluated the risk of hearing loss associated with headsets or earphones, in particular headsets or earphones used in association with workplace communications gear. Measuring sound levels generated by headsets worn by radio announcers, Williams and Presbury (2003) found that 3 of 12 announcers were exposed to the sound of their own voice at levels exceeding 90 dB(A). They concluded that announcers were at risk of workplace-induced hearing loss. In a survey of hearing acuity in telephone operators, Alexander et al. (1979) found no significant relationship between temporary threshold shift (TTS) and number of hours worked. Patel and Broughton (2002) concluded that noise levels generated by headsets used in call centers-where background noise levels averaged 62 dB(A)-did not exceed 85 dB(A) and thus posed no risk of hearing impairment. Chiusano et al. (1995) measured noise levels generated by headsets at a US Department of Defense facility, finding average noise levels of 87.0 dB(A) and peak levels of 140.8 dB, a level exceeding the standards recommended by the American Standards Institute and the US Army Environmental Hygiene Agency, respectively. Lastly, as pointed out by Dajani et al. (1996) , in extremely noisy environments, voice signals generated by headsets need to be louder than normal conversation. All these reports suggest the potential for but do not confirm the occurrence of hearing damage among those exposed to noise generated by headsets.
Our investigation focused on the work environment in the Japanese pinball industry. Japanese pinball is a popular arcade amusement, attracting some 19.3 million players throughout the country. Players shoot small steel balls-approximately 11 mm in diameter and 5.45 g in weight-in the pinball machines to win additional balls that can be exchanged for various prizes. Estimates put the number of those working at some 16 000 such parlors across the country, including temporary employees, at $340 000. One of the occupational health risks working at these facilities is hearing problems caused by arcade noise. The noise in these facilities is generated by pinball machines, clattering steel balls, background music in the arcade, as well as noises, and voice signals transmitted through the earphones used with communication devices.
Ambient noise in pinball facilities is almost unanimously regarded to be louder than the background noise at call centers, suggesting that noise levels generated by the communication devices worn by the workers at such facilities must be louder still. Nevertheless, no previous study has examined noise exposure at pinball facilities. To assess this noise and the associated hearing risks, we took measurements of noise levels within pinball arcades, noise levels generated by an earphone, and hearing acuity among staff.
SUBJECTS AND METHODS
We focused on three pinball facilities (Facilities 1-3) where staff workers use intercommunication devices in an environment characterized by high ambient noise levels, undertaking a study for four consecutive days at each facility. We measured workplace noise levels, personal exposure to noise, and noise levels generated by communication devices. We also performed prework and postwork shift audiometries for participating workers.
Information on work tasks and workplace characteristics
The pinball facilities examined range from 400 to 600 m 2 in area, each containing $300 pinball and slot machines. The machines are installed in 12-16 'frame islands' in which rows of 12-18 play machines are installed back-to-back. The distance between these islands is $2 m. The facilities are characterized by a constant din comprised of sounds emitted by the machines and music played over loudspeakers suspended from the ceiling. Staff workers constantly patrol the floors to respond to player complaints and to ensure players do not cheat. Thus, information between these workers on players and machines needs to be exchanged in an extremely noisy environment.
Communication devices have now been in use at these facilities for up to a decade. These devices involve a portable transceiver, a microphone, and an earbud style earphone and those are characterized by band-pass filtering from 300 to 3000 Hz. Workers generally wear the earphone on their dominant or preferred ear. To talk, they press a 'talk' button and bring the microphone close to their mouths, releasing this button once they have finished speaking. As one person speaks, all the others listen to what is being said through their earphones. Hearing protectors are not worn in the ear without the earphone since the workers must leave an ear free to communicate with players on the arcade floor. Thus, one ear of each worker is exposed to a combination of radio traffic noise and ambient noise attenuated by an earphone, while the other is exposed to ambient noise.
Measuring noise levels
Personal noise exposure. We measured personal equivalent continuous noise exposure levels (hereafter: LAeq) by making recordings with a noise dose meter (Brüel & Kjaer, Model 4443) positioned at the collar of each worker throughout their shift, including break times. One recording sequence was performed for 4 days: for 2 days during the early shift and 2 days during the late shift. A manager selected the staff to wear the noise dose meter. Measurements were performed under the following conditions: frequency weighting, A; time weighting, fast.
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Ambient noise. We also measured the LAeq of many locations in the zone of pinball play using a sound level meter (Brüel & Kjaer, Model 2260). The measurement procedure was designed to follow the criteria defined under the Japanese Working Environment Assessment Standard, one of Japanese standards prescribed in 1976, which requires measurements for at least 10 min, at five or more grid vertices on a grid of 6 m sections drawn across the work floor, at heights of 1.2-1.5 m. To minimize interference with players and employees, we placed the noise meter on the frame of an arcade machine, $1.8 m above the floor. The built-in microphone of the sound level meter was oriented toward the aisle. We took repeated measurements of 10 min in duration at hourly intervals at various locations on each day, measuring one-third octave band noise levels. We took care to ensure that these activities never interfered with customary employee tasks and customer play.
Emitted noise from the device. The communication devices used at each facility were the same model. The devices were not tailored or assigned to particular individuals, and earphones were onesize-fits-all. These devices were not equipped with output limiters, and band-pass filtering was limited to between 300 and 3000 Hz. By connecting an earphone to an ear simulator (Brüel & Kjaer Model 4157), we recorded the noise generated by the earphone at Facility 1, taking this measurement to be representative of all three facilities. The record was performed in the quietest spare room at the shop where the background noise was 33-37 dB(A). The recorded noise was analyzed using the PULSE system (Brüel & Kjaer, Model 3560C).
Selecting the subjects
A total of 85 workers were employed at the three facilities, in two shifts. At each facility, seven or eight workers were assigned to the arcade floor, while two to four senior staff worked in the office as managers. This study was performed with the informed consent of all workers involved in data collection.
Initially, 22 workers were excluded from the study, as shown in Fig. 1 : three declined to participate, three were in poor health, two had histories of otolaryngological problems (acoustic injury caused by a fireworks accident in infancy and hearing loss diagnosed as attributable to listening to rock music at loud volumes), and 14 were unable to participate due to their specific work schedules. The 63 workers who participated in the study wore their earphones in the following ways: 27 always wore the earphone in their right ear, 27 always wore the earphone in their left ear, 6 switched back and forth, and 3 office workers did not use the earphones. For this study, we ultimately selected 54 workers who wore earphones exclusively on one side of the head. Table 1 gives the characteristics of the included and excluded workers. The managers, who were generally older and worked longer hours, tended to work irregular shifts; thus, many of them were excluded from this study. Hearing levels before and after a work shift (prework and postwork) of the included workers were compared between the side of the head on which the earphone was habitually worn (hereafter: EP) and the open ear (hereafter: OP).
Prework and postwork audiometry
We selected the quietest room in each facility to perform pure tone audiometry. We evaluated background noise before and after each work shift, when none of the study subjects were present. The mean value of the background noise was compared against the maximum permissible ambient sound pressure levels in the one-third octave bands for air-conduction audiometry from 500 to 8000 Hz based on ISO 8253-1 (1989). The background noise exceeded the ISO permissible levels in the range of 400-800 Hz (Fig. 2) . Accordingly, we regarded hearing levels ,1000 Hz to be unreliable for our purposes. We undertook the audiometry using a calibrated audiometer (RION AA-79) before workers started their shifts and just before they finished their shifts. The workers were asked to avoid excessive noise exposure over the 9-h period leading up to their shift. Since a pilot study that assessed hearing at seven frequencies (125, 250, 500, 1000, 2000, 4000, and 8000 Hz) had detected deterioration in hearing acuity at 2000 and 4000 Hz, we decided to perform the tests at 1000, 1500, 2000, 3000, 4000, and 8000 Hz. We tested minimum audible levels at 5 dB steps from the right to the left ear. All tests were performed by a single physician experienced in assessing noise-induced hearing loss. The physician removed excessive earwax, if present, and examined the eardrums using an otoscope. Postwork audiometry measurements were performed within 3 min after the workers left the noisy environment. The physician interviewed the workers regarding the presence of hearing symptoms immediately after their work shift. We defined TTS in this study as a !10 dB increase in postwork hearing threshold over prework level at any frequency. We compared the extent of TTS and the number of subjects demonstrating TTS between the EP and OP at each frequency.
Statistical analysis
We applied the mixed linear regression model in SAS and the Wilcoxon signed-rank test to compare the TTS between the EP and OP and Fisher's exact probability test to evaluate and compare the number of workers exhibiting TTS between the EP and OP. A probability level of P , 0.05 was used to determine the statistical significance of the results.
RESULTS

Noise levels
Trends related to personal noise exposure were virtually identical at all three facilities. Fig. 3 shows representative cases. The noise levels for the early shift were recorded from 09:00 to 16:30; noise levels for the late shift were recorded from 16:30 to 24:00. Workers are assigned to perform maintenance for the pinball machines from 09:00 to 10:00, before opening, or from 23:00 to 24:00, after closing. Workers were granted a total of 1 h of break time during their shifts, divided into three or four brief scheduled breaks lasting 10-30 min. Ambient noise in spaces other than the arcade floor ranged from 60 to 70 dB(A). On the arcade floor itself, workers were continuously exposed to noise levels not ,90 dB(A) and intermittently exceeding 100 dB(A). They were exposed to intense noise particularly when they dumped steel balls won by players onto a tray for counting or when they performed tasks related to troubleshooting sirens. Table 2 summarizes the LAeq for personal noise exposure and ambient noise. The arithmetic mean for personal LAeq exceeded 90 dB(A) at all facilities, while the arithmetic mean for ambient noise was 91.3 dB(A). Ambient noise levels tended to be lower when fewer players were present in the measured space and higher when the space was crowded or when players were obtaining balls. At each facility, the average values for personally monitored noise levels exceeded ambient noise.
Earphone noise levels
Workers were free to adjust volume levels of their earphones using an easily operated thumbwheel, which showed the setting on a scale of 1-10. Most set high volume levels in order to hear voices clearly and seldom altered their settings during shifts. We recorded the volume settings selected by the workers on a late shift, and we show the results in Table 3 .
We recorded and analyzed noise generated by an earphone set to a volume of 9 during the late shift; nearly half of all workers actually used this setting.
The recording duration was 6.5 h, excluding 1 h during which maintenance was performed. We observed 1795 instances of actual communication, lasting a total of 1 h and 25 min. As shown in Fig. 4 , the LAeq of each instance of communication ranged from 99.5 to 127.0 dB(A), with an arithmetic mean of 113.6 dB(A) (SD 3.6). The LAeq for the entire 6.5 h was 109 dB(A). Sound pressure levels in the one-third octave band spectrum during the 6.5 h exceeded 90 dB(SPL) between 315 and 2000 Hz, peaking at 1600 Hz (Fig. 5) . The 1775 of 1795 were vocal communication and 20 were not vocal signals: switch tones, hold tones, and background music and alarms. These noncommunicative noises ranged from 101 to 115 dB(A) with an arithmetic mean of 107.1 dB(A) (SD 4.5) and a median of 105.1 dB(A). Most noncommunicative noises were softer than voice communications and total time of 20 noncommunicative noises was 15 s against 1 h and 25 min. The sound pressure levels in the one-third octave band spectrum of signals exceeded 100 dB(SPL) between 315 and 2500 Hz and the peak was at 1600 Hz in both of the voice communications and noncommunicative noises. The sound pressure level of the voice communications was higher than that of noncommunicative noises.
Temporary threshold shift
Mixed linear regression model in SAS was performed (nonrepeated factor: right EP use versus left EP use; repeated factors: (i) right ear and left ear (ii) prework and postwork). No significance was observed from the triple interaction term of left-right side of ear, prework-postwork, and usenonuse of earphone (P 5 0.13). That means a right (or left) ear is not more vulnerable than the other one. Table 4 shows a summary of average values for age-adjusted prework and postwork hearing levels as well as delta values calculated by deducting prework from postwork levels. EP exhibited significantly greater values than OP at 2000 Hz, while the reverse was observed at 4000 Hz. The number of ears demonstrating TTS was 31 at 4000 Hz, 24 at 3000 Hz, 23 at 2000 Hz, and 18 at 1500 Hz (Fig. 6) . EP showed significantly greater numbers than the OP at 1500 and 2000; the reverse was observed at 4000 Hz. But again, no subjects were conscious of hearing deterioration. 
DISCUSSION
This marks the first study to show that loud signals transmitted through earphones used with communication systems in noisy workplace environments induce TTS at 1500 and 2000 Hz. Noise-induced hearing loss typically occurs symmetrically in both ears at 4000 and/or 6000 Hz since both ears are typically exposed to the same noise. However, since their right and left ears were exposed to differing noise environments, the workers in this study exhibited asymmetrical TTS.
This study has certain drawbacks. In an effort to detect maximum TTS, we selected a relatively quiet room close to the workplace, rather than a more distant soundproofed room, thereby making it possible to begin the audiometry within 2 min after noise exposure (Hirsh and Ward, 1952) . We assume that prework hearing levels at 1000, 1500, and 2000 Hz were 10-20 dB worse than 50 percentile values based on ISO 7029 (2000) due to background noise.
We were unable to confirm full recovery from TTS, which generally requires 16 h when subjects are exposed to broadband noise of 88 dB for a period of 8 h (Mills et al., 1981) . Most subjects were able to set aside no more than 9 h free of exposure to loud noises, due to their work schedules. Thus, this study may have underestimated TTS.
Postwork hearing levels can be affected by the order in which the ears are tested; the ear tested second may exhibit TTS measurements 2-5 dB below the first ear (Hirsh and Ward, 1952) . However, since the workers were evenly split between those who wore their earphones in the right ear and those who wore them in the left ear, no effects due to testing sequence appear to have been addressed.
The arithmetic mean (92.1 dB) for personal noise exposure levels measured here constitutes noise to which exposure should be limited to 1 h and 40 min, based on permissible levels set by the American Conference of Governmental Industrial Hygienists (ACGIH, 2004) . We believe excessive ambient noise induced TTS in 23 of the 54 ears at 4000 Hz in the OPs. The number of TTS at 4000 Hz in the EPs was significantly lower. Earphones may help attenuate exposure level to ambient noise.
An ear simulator is designed to represent the average adult ear canal. The human external ear amplifies incoming sounds; therefore, sound pressure levels measured by the ear simulator are higher than those outside the ear. Applying a conservative estimate of this level suggests a 5 dB subtraction from the coupler level (Macrae, 1995b) . Applying this correction, we obtain an LAeq over the full 6.5 h of the earphone of 104 dB(A). At this level, exposure should be restricted to , 6 min, according to the ACGIH (2004) standards. The high LAeq seemed to be resulted by noisier and longer noise communications than noncommunicative noises. The onethird octave band levels showed strongest sound pressure levels at 1600 Hz both in voice communication and in noncommunicative noises, although the peak of average speech spectrum of the natural Japanese voice reportedly ranges from 250 to 500 Hz (Byrne et al., 1994) . This alteration in frequency may be attributable to the properties of the device.
The maximum TTS is widely recognized to occur at frequencies approximately one-half of an octave above the central frequency of the exposure band (Davis et al., 1950) . This theory is consistent with the distribution of TTS in ears on which earphones were worn when observed at relatively lower frequencies compared to open ears. Thus, voice signals exceeding 90 dB(SPL) from 315 to 2000 Hz must be a primary cause of the TTS occurring at 2000 Hz in our study. Ambient noise apparently induced TTS centered at 4000 Hz.
In addition to intense ambient noise, inappropriate use of a device may contribute to hearing deterioration. Patel and Broughton (2002) recommend that headsets should not be shared and that operators should receive regular training in appropriate use. Ideally, managers should recognize the risk of hearing loss not just in the open ear but in the ear on which earphones are worn. Additionally, other efforts should focus on reducing workplace noise levels and time continuously worked, preparing earphones tailored to individual users, training workers to speak at levels no higher than necessary, and recommending hearing protection devices. In contrast to the requirements of the DTI specification 85/013 (1989) , no Japanese regulations require the incorporation of an acoustic limiter in the electronics of communication devices. Improvements in national policies in this area would mark an important step toward preventing noise-induced hearing loss.
Most of the preceding reports have indicated that noise-induced hearing loss occurs at frequencies between 4000 and 6000 Hz. However, some of these studies have either ignored hearing deterioration at 2000 Hz or treated it as an artifact (Mori, 1985) . Since this study demonstrates that noise generated by earphones also increases the risk of TTS at 1500 and 2000 Hz, hearing conservation programs for such workers using communication devices at noisy workplaces should cover hearing losses sustained at 2000 Hz or lower frequencies caused by loud voice signal communications.
